Fibre-reinforced self-compacting concrete (FRSCC) is a high-performance building material that combines positive aspects of fresh properties of self-compacting concrete (SCC) with improved characteristics of hardened concrete as a result of fibre addition. Considering these properties, the application ranges of both FRSCC and SCC can be covered.
Introduction
Self-compacting concrete (SCC) can be placed and compacted under its own weight with little or no vibration, and without segregation or bleeding. SCC is used to facilitate and ensure proper filling, and good structural performance of restricted areas and heavily reinforced structural members. It has gained significant importance in recent years because of its advantages. Recently, this concrete has gained wider use in many countries for different applications and structural configurations. SCC can also provide a better working environment by eliminating the vibration noise. Such concrete requires a high slump that can be achieved easily by superplasticiser addition to a concrete mix and special attention to the mix proportions. SCC often contains a large quantity of powdered materials that are required to maintain sufficient yield value and viscosity of the fresh mix, thus reducing bleeding, segregation and settlement. As the use of a large quantity of cement increases costs and results in higher temperatures, the use of additions, such as fly ash, blast furnace slag or limestone filler, could increase the slump of the concrete mix without increasing its cost (Aslani and Nejadi, 2012a , 2012b , 2012c , 2012d .
The incorporation of fibres improves engineering performance of structural and non-structural concrete. The use of fibre-reinforced concrete (FRC) is also of special interest for retrofit and seismic design. The incorporation of metallic fibres can be problematic on some situations, especially when the fibre volume is high and the FRC is cast in sections with a moderate-to-high degree of reinforcement. The fibre content, length, aspect ratio and shape play an important role in controlling workability of FRC. Such concrete presents greater difficulty in handling, and requires more deliberate planning and workmanship than established concrete construction procedures. The additional compaction effort required for such concrete contributes to the increase in construction cost. In order to provide sufficient compaction, improve fibre dispersion and reduce the risk of entrapping voids, the FRC is often proportioned to be fluid enough to reduce the need for vibration consolidation and facilitate placement. An extension of this approach can involve the use of SCC to eliminate, or greatly reduce, the need for vibration and further facilitate placement. A truly fibre-reinforced self-compacting concrete (FRSCC) should spread into place under its own weight and achieve consolidation without internal or external vibration, ensure proper dispersion of fibres, and undergo minimum entrapment of air voids and loss of homogeneity until hardening. Lack of proper self-compaction or intentional vibration and compaction can result in macro-and micro-structural defects that can affect mechanical performance and durability (Khayat and Roussel, 1999) .
FRSCC is a relatively recent composite material that combines the benefits of SCC technology with the advantages of the fibre addition to a brittle cementitious matrix. It is a ductile material that, in its fresh state, flows into the interior of the formwork, filling it in a natural manner, passing through the obstacles, and flowing and consolidating under the action of its own weight. FRSCC can mitigate two opposing weaknesses: poor workability in FRC and cracking resistance in plain concrete. A few studies have been carried out on optimisation of the mix proportion for the addition of steel or polypropylene fibres to SCC. Meanwhile, there is insufficient research on the mechanical properties of FRSCC. In mechanical terms, the greatest disadvantage of cementitious material is its vulnerability to cracking, which generally occurs at an early age in concrete structures or members. Cracking may potentially reduce the lifetime of concrete structures, and cause serious durability and serviceability problems. The addition of fibres into SCC mixtures has been studied by a number of researchers (Bui et al., 2003; Busterud et al., 2005; Corinaldesi and Moriconi, 2004; Cunha, 2006; Groth and Nemegeer, 1999; Grünewald, 2006; Grünewald and Walraven, 2001; Khayat and Roussel, 1999; Liao et al., 2006; Massicotte et al., 2000; Sahmaran et al., 2005; Sahmaran and Yaman, 2007; Schumacher, 2008) .
The most beneficial properties with fibre addition to the concrete in the hardened state are the impact strength, the toughness and the energy absorption capacity. A detailed description of the benefits provided by fibre addition to concrete can be found elsewhere (ACI 544.2R (ACI, 1999) ; Balaguru and Shah, 1992) . The fibre addition might also improve the fire resistance of cement-based materials, as well as their shear resistance. The possible applications of FRSCC include highways; industrial and airfield pavements; hydraulic structures; tunnel segments; bridges components; and concrete structures of complex geometry that present high difficulties in being reinforced by conventional steel bars, especially those that have a high degree of support redundancy.
The research presented aims at finding the properties of SCC and FRSCC in the fresh and hardened stages. An experimental program is carried out to investigate the mechanical properties of four mixes of SCC. The mechanical properties included in this study are compressive and splitting tensile strengths, modulus of elasticity, modulus of rupture and compressive stress-strain curve. These properties are tested at 3, 7, 14, 28, 56 and 91 days. The developments of mechanical properties with time are investigated.
As only a few correlations among the mechanical properties of FRSCC have been reported and are unclear, regression analyses are conducted on existing experimental data to propose splitting tensile strength, modulus of elasticity and modulus of rupture models on compressive strength and age of concrete. Also, compressive stress-strain relationships for SCC and FRSCC are compared with the test results.
Experimental study

Materials
Cement
In this experimental study, shrinkage limited cement (SLC) corresponding to the AS 3972 (SA, 2010) standard was used. SLC is manufactured from specially prepared Portland cement clinker and gypsum. It may contain up to 5% of AS 3972-approved additions. The chemical, physical and mechanical properties of the cement used in the experiments are shown in Table 1 . The chemical, physical and mechanical properties adhere to the limit values specified in AS 2350.2, 3, 4, 5, 8 and 11 (SA, 2006) .
Fly ash
It is important to increase the amount of paste in SCC because it is an agent to carry the aggregates. As a consequence, Eraring fly ash (EFA) has been used to increase the amount of paste. EFA is a natural pozzolan. It is a fine cream/grey powder that is low in lime content. However, in its finely divided form and in the presence of moisture, it will react chemically with calcium hydroxide (e.g., from lime or cement hydration) at ordinary temperatures to form insoluble compounds possessing cementitious properties. The chemical and physical properties of EFA used in the experimental study are given in Table 2 . The chemical, physical and mechanical properties of the EFA used adhere to the limit values specified in AS 2350.2 (SA, 2006), and AS 3583.1, 2, 3, 5, 6, 12 and 13 (SA, 1998 
Mixture proportions
One control SCC mixture (N-SCC) and three FRSCC mixtures were used in this study. FRSCC mixtures contained steel (D-SCC), PP (S-SCC) and hybrid (steel + PP) (DS-SCC) fibres. The content proportions of these mixtures are given in Table 8 . These contents were chosen to attempt to keep compressive strength to a level applicable to construction.
Samples' preparation and curing conditions
We used ö150 mm 3 300 mm molds for the determination of compressive and splitting tensile strengths, and cylindrical molds ö150 mm 3 300 mm were used for the determination of the modulus of elasticity. Meanwhile, 100 mm 3 100 mm 3 350 mm molds were used for the determination of modulus of rupture.
Specimens for testing the hardened properties were prepared by direct pouring of concrete into molds without compaction. The specimens were kept covered in a controlled chamber at 20 AE 28C for 24 h until demolding. Thereafter, the specimens were placed in water presaturated with lime at 208C. These specimens were tested at 3, 7, 14, 28, 56 and 91 days.
Samples' test methods
The compressive strength test, performed on ö150 mm 3 300 mm cylinders, followed AS 1012.14 (SA, 1991) and ASTM C39 (ASTM, 2000) tests for compressive strength of cylindrical concrete specimens. The cylinders were loaded in a testing machine under load control at the rate of 0 . Table 7 . The physical and mechanical properties of fibres
The modulus of elasticity test that followed the AS 1012.17 (SA, 1997) and ASTM C469 was done to ö150 mm 3 300 mm cylinders. The flexural strength (modulus of rupture) test, conducted using 100 mm 3 100 mm 3 350 mm test beams under third-point loading, followed the AS 1012.11 (SA, 2000b) and ASTM C1018 test for flexural toughness and first-crack strength of fibre-reinforced concrete. The mid-span deflection was the average of the ones detected by the transducers through contact with brackets attached to the beam specimen.
Properties of fresh concrete
The experiments required for the SCC are generally carried out worldwide under laboratory conditions. These experiments test the liquidity, segregation, placement and compacting of fresh 
Experimental results
Properties of fresh concrete
The results of various fresh properties tested by the slump flow test (slump flow diameter and T 50cm ); J-ring test (flow diameter); L-box test (time taken to reach 400 mm distance T 400mm , time taken to reach 600 mm distance T 600mm , time taken to reach 800 mm distance T L and ratio of heights at the two edges of L-box [H 2 /H 1 ]); and the V-funnel test (time taken by concrete to flow through V-funnel after 10 s T 10s , and time taken by concrete to flow through V-funnel after 5 min T 5min ); the amount of entrapped air; and the specific gravity of mixes are given in Table  9 . The slump flow test judges the capability of concrete to deform under its own weight against the friction of the surface with no restraint present. A slump flow value ranging from 500 to 700 mm for SCC was suggested (EFNARC, 2005) . At a slump flow . 700 mm, the concrete might segregate and, at ,500 mm, the concrete might have insufficient flow to pass through highly congested reinforcements. All the mixes in the present study conform to the above range because the slump flow of SCC is in the range of 600-700 mm. The slump flow time for the concrete to reach a diameter of 500 mm for all mixes was less than 4 . 5 s. The J-ring diameters were in the range of 560-655 mm. In addition to the slump flow test, a V-funnel test was also performed to assess the flowability and stability of SCC. V-funnel flow time is the elapsed time in seconds between the opening of the bottom outlet, depending on when it is opened (T 10s and T 5min ), and the time when light becomes visible at the bottom when observed from the top. A V-funnel time of less than 6 s is recommended for SCC. According to EFNARC (2005), a period ranging from 6 to 12 s is considered adequate for SCC. The V-funnel flow times in the experiment were in the range of 4-10 s. The test results of this investigation indicated that all N-SCC and D-SCC mixes met the requirements of allowable flow time, but the S-SCC and DS-SCC mixes were blocked. The maximum size of coarse aggregates was restricted to 10 mm to avoid a blocking effect in the L-box. The gap between rebars in the L-box test was 35 mm. The L-box ratio H 2 /H 1 for the N-SCC mix was above 0 . 8 which is, according to EFNARC standards and, obviously, for other mixes, blocked.
Compressive strength Figure 1 presents the compressive strength of N-SCC, D-SCC, S-SCC and DS-SCC mixes achieved at different ages. Compressive strength samples with fibre mixes are higher than the N-SCC mix. Samples with the S-SCC mix have lower compressive strength, unlike the D-SCC and DS-SCC mixes. The average compressive strength of the DS-SCC mix is 18 . 90%, 3 . 83% and 12 . 86% higher than the N-SCC, D-SCC and S-SCC mixes respectively. The results show that the D-SCC mix at three days was 32 . 57%, 26 . 13% and 22 . 73% higher than the N-SCC, S-SCC and DS-SCC mixes respectively. Furthermore, the results indicate that the compressive strength of the DS-SCC mix at 91 days is 10 . 71%, 1 . 62% and 8 . 32% higher than the N-SCC, D-SCC and S-SCC mixes respectively. Figure 2 shows the splitting tensile strengths of the N-SCC, D-SCC, S-SCC and DS-SCC mixes determined at different ages. The tensile strengths of the D-SCC and DS-SCC samples are higher than those of the N-SCC and S-SCC. The S-SCC mix has a lower tensile strength than N-SCC. Mechanical characteristics of selfcompacting concrete with and without fibres Aslani and Nejadi of the D-SCC mix is 23 . 52%, 27 . 19% and 15 . 54% higher than that of the N-SCC, S-SCC and DS-SCC mixes respectively. Moreover, the results indicate that the tensile strength of the D-SCC mix at 91 days is 15 . 95%, 18 . 89% and 11 . 76% higher than that of the N-SCC, S-SCC and DS-SCC mixes respectively. Figure 3 presents the modulus of elasticity of the N-SCC, D-SCC, S-SCC and DS-SCC mixes attained at different ages. The average modulus of elasticity of the DS-SCC mix is 2 . 67%, 4 . 75% and 3 . 49% higher than that of the N-SCC, D-SCC and S-SCC mixes respectively. The results show that the N-SCC mix at 14 days is 9 . 62%, 7 . 94% and 3 . 03% higher than the D-SCC, S-SCC and DS-SCC mixes respectively. Additionally, the results indicate that the tensile strength of the DS-SCC mix at 91 days is 0 . 86%, 1 . 41% and 1 . 72% higher than that of the N-SCC, D-SCC and S-SCC mixes respectively. Figure 4 illustrates the flexural tensile strengths of the N-SCC, D-SCC, S-SCC and DS-SCC mixes determined at different ages. The average flexural tensile strength of the D-SCC mix is 13 . 96%, 8 . 80% and 8 . 89% higher than that of the N-SCC, S-SCC and DS-SCC mixes respectively. The results show that the S-SCC mix at 7 days is 21 . 30%, 3 . 97% and 10 . 52% higher than the N-SCC, D-SCC and DS-SCC mixes respectively. Also, the results indicate that flexural tensile strength of the D-SCC mix at 91 days is 1 . 30%, 6 . 44% and 0 . 21% higher than that of the N-SCC, S-SCC and DS-SCC mixes respectively.
Tensile strength
Modulus of elasticity
Modulus of rupture (flexural tensile strength)
Compressive stress-strain curve Complete stress-strain curves of the concrete specimens were obtained from the compression tests of the cylinders with a controlled displacement rate. For each mix, three cylinders were tested. As the test results reproduced well, each stress-strain curve shown in Figures 5-8 represents the average results of the three tests. It should be noted that the axial strains of the concrete in compression were obtained from the full height shortening of the cylinders using linear variable differential transformers. The compression stress-strain curves at increasing ages of the N-SCC, D-SCC, S-SCC and DS-SCC mixes are shown in Figures 5-8 . All the fibrous SCC mixes verified more substantial ductility than the corresponding N-SCC mix. Commonly, the nature of failure in compression for the N-SCC mix tended to be more sudden and brittle as the age of the concrete increased. However, with the increasing age, the majority of the 
Analytical relationships for the mechanical properties
Time-related mechanical properties relationships To estimate the SCC mixes' compressive strength, tensile strength, modulus of elasticity and modulus of rupture at various ages, Equations 1-4 are proposed based on regression analyses of the experimental data. Figure 9 shows that the proposed timerelated relationships of compressive strength, tensile strength, modulus of elasticity and modulus of rupture are in good agreement with the experimental results.
Compressive strength
where f 9 cN is the N-SCC mix compressive strength, f 9 cfD is the cfS is the S-SCC mix compressive strength, f 9 cfDS is the DS-SCC mix compressive strength, and AE and â are the empirical constants (Table 10) .
Tensile strength
where f 9 ctN is the N-SCC mix tensile strength, f 9 ctfD is the D-SCC mix tensile strength, f 9 ctfS is the S-SCC mix tensile strength, ctfDS is the DS-SCC mix tensile strength, and ª and º are the empirical constants. (Table 11) Modulus of elasticity
where E cN is the N-SCC mix modulus of elasticity, E cfD is the D-SCC mix modulus of elasticity, E cfS is the S-SCC mix modulus of elasticity, E cfDS is the DS-SCC mix modulus of elasticity, and ç and ì are the empirical constants (Table 12) .
Modulus of rupture
where f crN is the N-SCC mix modulus of rupture, f crfD is the D-SCC mix modulus of rupture, f crfS is the S-SCC mix modulus of rupture, f crfDS is the DS-SCC mix modulus of rupture, and ł and ö are the empirical constants (Table 13) .
Compressive strength-related mechanical properties relationships Figure 10 illustrates tensile strength, modulus of elasticity and modulus of rupture versus compressive strength. Equations 5-7 are proposed based on regression analyses of the experimental data to predict the SCC mixes' tensile strength, modulus of elasticity and modulus of rupture based on the compressive strength. The bases of the proposed relationships are captured from Aslani and Nejadi's (2012a) study. Figure 11 indicates that the proposed compressive strength-related relationships of tensile strength, modulus of elasticity and modulus of rupture are in good agreement with the experimental results.
( Table 14) Modulus of elasticity
( Table 15) Modulus of rupture
( Table 16) Compressive stress-strain relationship In this study, a compressive stress-strain relationship (Equations 8-15) for SCC mixes that is based on Aslani and Nejadi's (2012a) model was developed by using the proposed compressive strength (Equation 1) and elastic modulus (Equations 3 and 6) relationships. Figure 12 shows that the proposed stress-strain relationship fits the experimental results well. In Figure 12 , days is 15 . 95%, 18 . 89% and 11 . 76% higher than that of the N-SCC, S-SCC and DS-SCC mixes respectively. j The average modulus of elasticity of the DS-SCC mix is higher than that of the N-SCC, D-SCC and S-SCC mixes respectively. Additionally, the results indicate that tensile strength of the DS-SCC mix at 91 days is 0 . 86%, 1 . 41% and 1 . 72% higher than that of the N-SCC, D-SCC and S-SCC mixes respectively. j The average modulus of rupture of the D-SCC mix is higher than that of the N-SCC, S-SCC and DS-SCC mixes respectively. Also, the results indicate that the modulus of rupture of the D-SCC mix at 91 days is 1 . 30%, 6 . 44% and 0 . 21% higher than that of the N-SCC, S-SCC and DS-SCC mixes respectively. j Analytical expressions to predict the most significant mechanical properties (i.e., compressive strength, tensile strength, modulus of elasticity and modulus of rupture) of the developed SCC mixes at an age t were presented. j Analytical relationships to calculate the tensile strength, modulus of elasticity and modulus of rupture of the SCC mixes related to compressive strength were proposed. To discuss this paper, please submit up to 500 words to the editor at www.editorialmanager.com/macr by 1 November 2013. Your contribution will be forwarded to the author(s) for a reply and, if considered appropriate by the editorial panel, will be published as a discussion in a future issue of the journal. 
